Background: The effect of intravenously administered dexmedetomidine on oxygenation during one-lung ventilation has not been studied. The hypothesis of this prospective, randomized study was that dexmedetomidine would be associated with an improvement in oxygenation during onelung ventilation. The secondary outcome was the change in the intrapulmonary shunt. 
Introduction
During thoracic anaesthesia, one-lung ventilation (OLV) is associated with an increase in pulmonary shunt as a result of persisting perfusion of the non-ventilated lung [1] . This increase, along with other factors, leads to hypoxemia in approximately 5% -10% of patients. Therefore, prevention and treatment of hypoxemia during OLV is crucial [2] . While the potential effects of a number of drugs on oxygenation during OLV have been studied during previous decades, the effects of more recent drugs remain to be examined [3] .
Dexmedetomidine is a highly selective α 2 -adrenoceptor agonist. It is a widely used anaesthetic adjunct, and there has been a growing interest in its use in different patient populations, regional anaesthesia, critical care, and thoracic surgery [4] - [6] . Dexmedetomidine has all of the features of clonidine but has not been associated with respiratory depression, which can make it a beneficial supplement in the clinical setting [7] [8] . The effects of clonidine on oxygenation during OLV [9] , as well as the effects of epidural dexmedetomidine administration on intraoperative awareness and post-op pain after OLV [6] , have been examined in previous studies. Regarding the effect of intravenously administered dexmedetomidine on oxygenation during OLV, there is only one study with lower doses showing that there is no significant change in PaO 2 [10] .
It has been shown that clonidine reduces the intrapulmonary shunt and improves oxygenation [9] . Therefore, the hypothesis of this prospective, randomized study was that dexmedetomidine would be associated with an improvement in oxygenation during one-lung ventilation. The secondary outcome was the change in the intrapulmonary shunt.
Materials and Methods
After obtaining approval of Istanbul Medical Faculty Ethical Committee (protocol no: 200560-09/03/2005) and written and informed patient consent, 30 American Society of Anaesthesiologists (ASA) physical status I-III patients, 18 -65 years of age, who were undergoing elective thoracotomy were enrolled in this randomized double-blind clinical study with an allocation ratio of 1:1. We made power analysis for justification of sample size. To detect a change of 40 mmHg in PaO 2 (accepting an alpha error of 5% and a beta error of 20%), the required study size was 13 patients per group. Our study was conducted in year 2005 for a 6 month period. Patients with bradycardia, serious heart block, uncontrolled hyper-or hypotension, and failure of organs other than the lungs (renal, hepatic vs.) were excluded from the study. After randomization, the application of any additional drug or manoeuvre (e.g. vasopressors to maintain hemodynamic stability) that could cause any bias, was considered a perioperative exclusion criteria.
No patient received premedication. Before induction of anaesthesia, all patients were hydrated with 200 mL of saline. ECG, SpO 2 , temperature, end tidal carbon dioxide, invasive arterial blood pressure (ABP) (Primus Dräger, Lübeck, Germany), core temperature, and bispectral index (BIS) (Aspect Medical System, Newton, MA, USA) were monitored in all patients.
A thoracic epidural catheter was inserted prior to induction by a midline approach using the "loss of resistance" technique and was not used during the intraoperative period.
For the anaesthesia induction, after administration of fentanyl 2 µg•kg −1 , propofol was titrated in each patient until (BIS) values were below 50 and 0.1 mg•kg −1 vecuronium was used for muscle relaxation. A double lumen tube, 35 -37 French (F) for female patients and 39 -41 F for male patients (Mallinckrodt, Athlone, Ireland) was used forendotracheal intubation; left bronchial double lumen tubes were used unless there was contraindication. Optimal placement of the tubes was confirmed with fiberoptic bronchoscopy in every case. A multilumen central venous catheter was placed via the v. subclavia of the operative side and central venous pressure was monitored. We used 40% O 2 -air mixtures before and after OLV and 80% O 2 -air mixtures during OLV. Maintenance of anaesthesia was established with a propofol infusion titrated to BIS level 40 -60, and incremental doses of fentanyl were administered according to clinical findings. Pressure-controlled ventilation was used throughout the entire surgery; the driving pressure of ventilation was set to supply a tidal volume that maintainednormocapnia (end-tidal CO 2 values of 30 -35 mmHg; Primus Dräger, Lübeck, Germany). The pressure was reset during OLV. PEEP (4 cm H 2 O) was applied throughout the mechanical ventilation to all patients; frequency was 11/min with an I:E ratio of 1:2.
In Group D (n = 15), a bolus dose of 1 µg•kg −1 dexmedetomidine (Precedex, Hospira, Inc. Lake Forest, USA) was given at 10 min following anaesthesia induction, after which the dexmedetomidine infusion was maintained at a dose of 0.4 µg•kg −1 •hr −1 . The infusion was stopped at the end of the surgery. In the control group, Group C(n = 15), after the same anaesthesia induction, the same amount of saline, instead of dexmedetomidine, was infused by the same protocol. All infusions were randomly prepared by a doctor who did not participate in the study, placed in non-labelled infusion pumps, and given to the anaesthesiologist, who was blinded to the content of the infusion. Randomisation was performed via a sealed envelope technique. Infusions in both groups were stopped prior to skin closure.
In both groups, arterial and central venous samples were obtained at three time points: T1, 10 minutes after the anaesthesia induction and before OLV; T2, 10 minutes after initiation of OLV; and T3, 20 minutes after cessation of OLV. The heart rate, mean arterial pressure, arterial oxygen pressure (paO 2 ) and arterial carbon dioxide pressure (paCO 2 ), central venous pressure, haemoglobin, central venous oxygen saturation (SvO 2 ), central venous oxygen (pvO 2 ), and venous carbon dioxide (pvCO 2 ) pressures were recorded, and Qs/Qt values were calculated for each measurement time.
Right atrial blood was used to calculate Qs/Qt instead of the pulmonary arterial blood. This is a method which has been preferred by many authors [11] - [13] . Qs/Qt was calculated from the formula below, with respiratory quotient (RQ) = 0.8 and SaO 2 = arterial oxygen saturation. 
Statistical Analyses
Statistical analysis was performed using Graph PadInstat (GraphPad Software, San Diego, CA, USA). The normality of distribution was tested by Kolmogorov-Smirnov test. Comparisons between the groups at the same measurement times were performed with Student's t-test. Data within a group at different measurement times were compared with repeated measures ANOVA (except oxygenation parameters, because the FiO 2 was varied between measurement times) Student's t-test and independent samples t-test were used for group comparisons. For all analyses, a P-value of <0.05 value was accepted as significant.
Results
No patient was excluded after randomization. There were no differences between Groups in terms of patient characteristics, operative times, and duration of OLV ( Table 1) . Demographic data values were statistically insignificant (P < 0.05). There were also no differences between groups in any parameter among the pre-OLV measurements ( Table  2) . During OLV, there were no differences in heart rate, mean arterial pressure, and oxygenation parameters between groups, but there were significant differences in oxygenation (PaO 2 = 203.7 ± 42.3 mmHg Group D and 173.0 ± 37.6 mmHg Group C, P = 0.004) and shunt values (Qs/Qt = 19.8% ± 4.5, Group D and 31.0% ± 2.4 Group C, P < 0.0001) ( Table 3) .
After one lung ventilation, there were again no statistically significant differences between the groups ( Table  4) . Heart rate, mean arterial pressure, arterial oxygen, venous oxygen saturation, venous oxygen and shunt values did not showed any differences after OLV.
There were no differences between the two groups in any of the measured PvO 2 values. There was a decrease in propofol requirement among the patients in Group D vs. those in the control group withamean propofol infusion value of 9.2 ± 1.9 mg•kg , Group C (P = 0.0004). 
Discussion
To our knowledge, this is the first study examining the effects of dexmedetomidine on oxygenation during OLV with TIVA. We found that a dexmedetomidine infusion started before OLV resulted in improved oxygenation and reduced intrapulmonary shunt. Besides ventilatory injury, hypoxemia during OLV is still regarded as an important challenge of thoracic anaesthesia. Hypoxic pulmonary vasoconstriction (HPV) is a defence mechanism against hypoxia which decreases the shunt so that there is a smaller decline in oxygen than expected [14] . However, it has been decades since any study has directly examined HPV during OLV [15] as the majority of more recent studies "assume" that changes in oxygenation and pulmonary shunt are due to changes in HPV, and this assumption can lead to scientific bias [16] . The anaesthesia strategy should be tailored to preserve adequate oxygenation during OLV (and not to preserve the HPV). The aim of the present study is primarily to evaluate the effects of dexmedetomidine on oxygenation during OLV. Whether these effects are due to changes in HPV (and their value), can only be speculated.
Dexmedetomidine is effective in postoperative analgesia, reducing postoperative morphine requirements without increasing the incidence of side effects [17] . Its sedative effects have also been well-studied, and its use in paediatric populations, cardiovascular anaesthesia, and regional anaesthesia is increasing. Elhakimand colleagues have reported that the use of epidural dexmedetomidine during OLV resulted in significant decreases in anaesthetic requirement, prevented awareness during anaesthesia, and improved intraoperative oxygenation and post-operative analgesia [6] .
In terms of its α 2 -mimetic effects, dexmedetomidine may affect HPV in contrary ways; while it might be expected that dexmedetomidine would impair the HPV response because of pulmonary vasodilation in non-ventilated lung, it is also possible that the vasodilation in the ventilated lung may be dominant, and the results of our study, in which dexmedetomidine has achieved a more appropriate ventilation-perfusion match, support the latter explanation. The findings of a 1968 study by Silove and Grover demonstrated that an α-adrenergic blockade abolished the pulmonary vasoconstrictor responding to noradrenaline but not to hypoxia [18] . That is, hypoxiainduced pulmonary vasoconstriction cannot be impaired by sympathetic blockade. This suggests that the sympatholytic effects of dexmedetomidine would increase the ratio of blood flow to vasodilated areas of ventilated lung.
The results of a study examining the effects of clonidine on oxygenation and Qs/Qt by Lübbeand colleagues were similar results of the present study [9] . They demonstrated in 20 dogs that clonidine decreased Qs/Qt (consecutively 18.3% ± 5.5% and 26.6% ± 5.5%) and improved PaO 2 (consecutively 390 ± 99 mmHg and 323 ± 94 mmHg) during OLV when compared with controls. They also suggested that the decreased sympathetic toneafter clonidine administration could cause these changes. Dexmedetomidine is a more selective α 2 -agonist than clonidine, and we also found that oxygenation was improved and Qs/Qt values were reduced in patients receiving dexmedetomidine, compared with the controls, during OLV. Shunt values before OLV and after OLV were not affected. That the effects were limited to a period of differentiated blood flow also support this explanation.
In a study by Kernanand associates, dexmedetomidine during OLV did not cause a significant change in oxygenation (PaO 2 /FiO 2 ratio of 188 ± 115 in dexmedetomidine patients versus 135 ± 70 mmHg in placebo patients) [10] . They used desflurane for the maintenance of anaesthesia, and they speculated that the slight (albeit insignificant) improvement in oxygenation with dexmedetomidine might have resulted from the anaesthetic-sparing effect of dexmedetomidine, thereby allowing for a decrease in the concentration of desflurane and a subsequent lessening of its effects on HPV. However, there are two important drawbacks. First, it is known that desflurane inhibits HPV, if at all, in a very limited ratio [19] . Furthermore, the study was a cross-over study in which thepatients served as their own controls. Thus, it could not be assured that dexmedetomidine had been fully washedout in cases where it was used first. Our study, on the other hand, was designed as a controlled two-group study and propofol which is known as having no effects on HPV [20] , was used for the maintenance of anaesthesia. Not at least, that study was performed with very lower bolus dose (0.3 µg•kg ) compared with the present one; which can be another explanation for that the increase in PaO 2 was not significant.
As our study was a clinical trial, it did not allow for a comprehensive examination of the pathway of changes to HPV and oxygenation associated with dexmedetomidine, but possibilities other than sympathetic blockade may exist. First, dexmedetomidine decreases intravenous anaesthetic requirements significantly. In one study [21] , propofol requirements were reduced by 30%, and a similar reduction was observed in our study. However, in our study, the dexmedetomidine infusion was started after induction, and this made it inappropriate to offer a precise judgment for anaesthesia consumption levels. Numerous studies have shown that propofol does not affect intrapulmonary shunt [20] . Therefore, in our study, the reduced intrapulmonary shunt in the dexmedetomidine group cannot be attributed to the reduced propofol consumption.
Second, α 2 -agonists affect oxygen consumption at the tissue level and they are associated with changes in the arterio-venous difference of oxygen content (avDO 2 ) [22] . Changes in mixed venous O 2 can lead to changes in HPV. However, there were no differences in central venous oxygen pressure between the groups in our study; therefore, this appears also not to be an explanation of the results. We used the PvCO 2 instead of mixed venous oxygen pressure, but whether this was a cause of some degree of bias will have to be answered in future studies.
As a third possibility, it has been demonstrated an animal model that dexmedetomidine may also lead to transient increases in pulmonary artery pressure related to its direct effects on vascular smooth muscle through α-adrenergic receptors [23] . This paradoxical effect may also cause a potentiation of HPV. Once again, however, it is not possible to prove this assumption in the clinical setting, nor is it the aim of our study.
Alpha-2 agonists have dose-dependent effect on circulating catecholamine, and the effect of dexmedetomidine effect is more apparent than that of clonidine, in that dexmedetomidine can reduce plasma norepinephrine levels by more than 90% [24] . However, no clinical change as a result of these effects was observed in our study, primarily because of the decreased dose of propofol. Nonetheless, the effect on catecholamine levels may at least be a contributing factor to the changes in oxygenation and HPV.
The most important limitation of the study is the use of central venous instead of pulmonary arterial blood to measure the Qs/Qt. This may lead to bias, especially considering that dexmedetomidine can also affect myocardial oxygen consumption. Moreover, comparisons of cardiac output and pulmonary pressure would probably offer some further explanations of the findings. However, in several previous studies [12] , including several with OLV [11] [13] [14] , it has been shown that central venous blood sampling can be used to measure Qs/Qt and can be assumed to be reliable. In practice, pulmonary arterial catheters are associated with several complications, and they are very rarely used during thoracic surgery. Moreover, changes in Qs/QT were the secondary outcome, after oxygenation of the present study.
We conclude that intravenous administration of dexmedetomidine during OLV is associated with an improvement in oxygenation and a decrease in pulmonary shunt. There are several potentially complex mechanisms to explain this finding, including both sympatholytic and transient increase of pulmonary arterial pressures. Considering its other reported benefits, our results support recommending the use of dexmedetomidine during thoracic surgery.
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